Elucidation of the cellular identity of neuronal precursors provides mechanistic insights into the development and pathophysiology of the nervous system. In the enteric nervous system (ENS), neurogenesis persists from midgestation to the postnatal period. Cellular mechanism underlying the long-term neurogenesis in the ENS has remained unclear. Using genetic fate mapping in mice, we show here that a subset of Schwann cell precursors (SCPs), which invades the gut alongside the extrinsic nerves, adopts a neuronal fate in the postnatal period and contributes to the ENS. We found SCP-derived neurogenesis in the submucosal region of the small intestine in the absence of vagal neural crest-derived ENS precursors. Under physiological conditions, SCPs comprised up to 20% of enteric neurons in the large intestine and gave rise mainly to restricted neuronal subtypes, calretinin-expressing neurons. Genetic ablation of Ret, the signaling receptor for glial cell line-derived neurotrophic factor, in SCPs caused colonic oligoganglionosis, indicating that SCP-derived neurogenesis is essential to ENS integrity. Identification of Schwann cells as a physiological neurogenic source provides novel insight into the development and disorders of neural crest-derived tissues.
Introduction
The exquisite architecture and function of the nervous system arises from neurogenesis, which generates distinct neuronal classes at appropriate developmental time periods. Elucidation of the cellular identity of neuronal precursors that contribute to a given neuronal population is vital toward our understanding of the development and pathology of the nervous system.
The enteric nervous system (ENS) is the largest and most complex division of the peripheral nervous system and displays robust neurogenesis. During development, neural crest cells at the vagal and sacral levels (Le Douarin and Teillet, 1973; Le Douarin and Kalcheim, 1999) invade the gut wall, become enteric neural crest-derived cells (ENCCs), and undergo migration along the gut wall, ultimately integrating into the entire length of the gut (Anderson et al., 2006; Nishiyama et al., 2012; Obermayr et al., 2013) . During their migration, some ENCCs begin to differentiate into neurons, which is detectable as early as embryonic day 10.5 (E10.5) to E11.5 in mice (Rothman and Gershon, 1982, 1984; Branchek and Gershon, 1989; Young et al., 2002) . Neurogenesis continues throughout later developmental time periods and persists even after the postnatal period (Pham et al., 1991; Wang et al., 2010; Laranjeira et al., 2011) . Such long-term maintenance of neurogenic potential in neural progenitors is unique to the ENS among the all divisions of the peripheral nervous system. However, to date, the developmental mechanism underlying this persistent neurogenesis in the ENS has remained unclear.
Although the basic ganglion structure of the ENS develops via intrinsic innervation by ENCC-derived neurons, the gut also receives robust extrinsic innervation, which occurs late in development. A large numbers of Schwann cell precursors (SCPs) invade and populate the gut wall alongside the extrinsic nerve fibers, but the role of these SCPs in the structural integrity of the ENS is undetermined. Recent genetic tracing experiments in early developing mouse embryos (at approximately E11) demonstrated that cranial nerve-associated neural progenitor cells of the parasympathetic ganglia express markers for SCPs (Dyachuk et al., 2014; Espinosa-Medina et al., 2014) . Another study showed that Schwann cells isolated from adult sciatic nerves display neural crest stem cell-like multipotency and differentiate into neurons, glia, and smooth muscle cells in culture (Widera et al., 2011) . These findings raise the possibility that neurogenesis involving SCPs is not restricted to early development and may represent a more general phenomenon. The extent of SCP-derived neurogenesis in vivo and its potential influence on the development of the nervous system remains open questions.
In this study, we hypothesized that SCP-derived neurogenesis may underlie long-term neurogenesis in the ENS. To address this issue, we followed the fate of SCPs in the gut by genetic tracing. Here we provide evidence that SCPs exhibit neurogenic potential and contribute to postnatal neurogenesis in the ENS. SCPderived neurons constitute a significant part of the ENS; the majority of such neurons differentiate into a restricted neuronal subtype expressing calretinin. Inactivation of RET, the signaling receptor of GDNF, in SCPs causes a significant reduction in the number of enteric neurons in the distal colon, indicating the physiological requirement of SCP-derived neurons in the ENS structure. This study reveals the widespread and long-term maintenance of SCP-derived neurogenesis, which may open up new avenues into understanding the pathogenesis of the peripheral nervous system and the development of biomedical technologies, such as SCP-based neural tissue engineering.
Materials and Methods
Mouse strains. The generation and characterization of Gfr␣1 fl-GFP , Ret fl-CFP , and Ret Ϫ mice have been described previously (Uesaka et al., 2007 Gould et al., 2008) . We obtained Ret GFP (Jain et al., 2006) and Gfr␣1 Ϫ /Ϫ mice ; kind gifts from J. Milbrandt, Washington University School of Medicine, St. Louis, MO) and Dhh::Cre mice (kind gift from D. Meijer, University of Edinburgh, Edinburgh, Scotland; Jaegle et al., 2003) .
Breeding and genotyping of mice. Most mice (Mus musculus) used for this study were on a C57BL/6-129Sv mixed background and both sexes. Ret GFP mice have been backcrossed to C57BL/6 for Ͼ10 generations. All mice were maintained on a 12 h light/dark cycle with water and food available ad libitum and housed either singly or in groups. A maximum of five adult animals per cage were allowed. The various breeding schemes were summarized in Table 1 . All animal experiments were approved by the Animal Research Committee of the RIKEN Center for Developmental Biology and were performed in accordance with RIKEN guidelines for animal and recombinant DNA experiments. For routine genotyping, we performed PCR amplification of DNA prepared from tail.
Immunohistochemistry. Tissues were fixed in 4% paraformaldehyde/ PBS at pH 7.4. Immunohistochemistry experiments were performed as described previously . For whole-mount staining, the preparations were incubated in 1% Triton X-100 for 30 min before immunostaining. Primary antibodies were chosen according to previous studies in our laboratory, reports in the literature, or instructions from the vendors. We identified variants of GFP and CFP by chicken anti-GFP (1:1000; GFP-1010; Aves Labs), and secondary antibodies used were Alexa Fluor 488 goat anti-chicken IgY (1:500; A-11039; Life Technologies). The following antibodies were also used: rabbit anti-protein gene product 9.5 (PGP9.5; 1:1000; RA95101; UltraClone), goat anti-Sox10 (1:400; sc-17342; Santa Cruz Biotechnology), mouse anti-TuJ1 (1:500; MMS-435P; Covance), rabbit anti-brain lipid binding protein (BLBP; 1:500; AB9558; Millipore), rabbit anti-Phox2b (1:1000; a gift from J.-F. Brunet, National Center for Scientific Research, Paris, France), rabbit anti-Cre (1:400; PRB-106P; Covance), mouse anti-synaptic vesicle protein 2 (SV2; 1:100; Developmental Studies Hybridoma Bank), rabbit anti-calretinin (1:2000; AB5054; Millipore), and rabbit anti-neuronal nitric oxide synthase (NOS) (1:500; AB5380; Millipore). We used appropriate secondary antibodies (1:500) conjugated to Alexa Fluor 488, Alexa Fluor 594, and Alexa Fluor 647 (Invitrogen) and CF568 and CF640R (Biotium). We took photomicrographs using a Zeiss LSM5 PASCAL confocal microscope, a Zeiss Axioskop 2 FS plus with a digital camera AxioCam HRc, or a Leica MZ FLIII with a digital camera AxioCam MRc5. Representative images were selected from animals or experiments that had been repeated at least three times.
Cell culture. For primary culture of SCPs, the gut mesenteries dissected from Dhh::Cre/Gfr␣1 fl -GFP mouse embryo at E16.5 were treated with collagenase/dispase (1 mg/ml; Roche) for 10 min at 37°C. The cells were dissociated by repeated pipetting, and cells were filtered through 35 m After immunoselection, the cell suspension was centrifuged and washed with PBS, and ϳ1 ϫ 10 3 cells were resuspended in neurosphere medium consisting of DMEM/Ham's F-12 (Wako) containing 20 ng/ml recombinant human bFGF (R&D Systems), 20 ng/ml IGF1 (R&D Systems), 1% N2 supplement (Invitrogen), 2% B27 supplement (Invitrogen), 50 mM 2-mercaptoethanol, 15% chick embryo extract, 35 mg/ml retinoic acid (Sigma-Aldrich), and penicillin and streptomycin (P/S; Meiji) in nonadhesive culture plates treated with F127 (Sigma-Aldrich). After overnight culture, cells were plated onto a single well of an eight-well side coated with poly-D-lysine (0.1 mg/ml; Sigma-Aldrich) and 0.15 mg/ml human fibronectin (Biomedical Technologies). Neurogenesis was observed after 5 d in DMEM-low (Invitrogen) containing 2% B27 and 1% N2 supplement, 100 ng/ml GDNF (R&D Systems), and P/S. Primary culture of enteric neurons from Dhh::Cre/Gfr␣1 fl -GFP midgut was prepared as described previously (Uesaka et al., 2007) .
Statistical analyses. Statistical analyses were performed by use of GraphPad Prism 5.04 software (GraphPad Software). No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those reported in previous studies (Nishiyama et al., 2012; 
Results

Enteric neurogenesis is detectable in the absence of intrinsic innervation by ENCCs
The primary ganglion structure of the ENS develops through intrinsic innervation by ENCCs. These cells migrate extensively along the gut wall during development, and their survival, migration, and proliferation depend on GDNF signaling via the RET/GFR␣1 receptor complex. Mice deficient for Gdnf, Ret, or Gfr␣1 lack all ENCC-derived intrinsic innervation in the small and large intestine (Durbec et al., 1996; Fig. 1A) . However, contrary to the current consensus that all enteric neurons are derived from ENCCs, our close examination of the small intestine of Ret-or Gfr␣1-deficient embryos detected some neurons during the perinatal period ( Fig. 1 B, C) . Those neurons were detected only in the submucosal layer, always in association with the extrinsic nerves (Fig. 1D ), in numbers ranging from 13 to 83 cells/gut (n ϭ 16). No neurons were detected in gut regions in which the extrinsic nerves were few or absent. Notably, the regions of the small intestine that contained neurons were interrupted by aganglionic gut segments and often located far distal to the stomach ( ( Taraviras et al., 1999) , it is unlikely that neurons in the small intestine found in Ret-or Gfr␣1-deficient embryos are derived from ENCCs. These data collectively indicate that, albeit not robust, neurogenesis does occur in the absence of ENCCs and that the neurogenesis is always associated with extrinsic nerves (Fig. 1D) .
Because SCPs invaded Ret-deficient small intestine along the extrinsic nerves around midgestation (Figs. 1A, inset, 2A) , we hypothesized that neurons identified in ENCC-free gut are derived from SCPs. To test this possibility, we genetically traced SCPs by Cre-loxP technology using the Dhh-Cre driver line (Jaegle et al., 2003) . Dhh is expressed prominently in SCPs and Schwann cells and controls the formation of the connective tissue sheath around peripheral nerves (Bitgood and McMahon, 1995; Parmantier et al., 1999) . We first validated SCP-specific labeling by crossing a Dhh::Cre line to a Gfr␣1 fl-GFP/ϩ reporter mouse line (Uesaka et al., 2007; Fig. 2B, bottom) . Although Gfr␣1 is normally expressed in both SCPs and ENCCs (Fig. 2 B, C , top panels), in the compound animal, GFP reporter expression was detected in only SCPs but not in ENCCs (Fig. 2 B, C , bottom panels), confirming SCP-specific cell labeling by the Dhh::Cre driver (Joseph et al., 2004; Wong et al., 2006) . To examine whether neurons in ENCC-free gut are derived from SCPs, we generated mice harboring a Dhh::Cre transgene (Jaegle et al., 2003) and Ret fl -CFP reporter allele (Ret fl-CFP/ϩ ; Uesaka et al., 2008) on a Gfr␣1-deficient background (Fig. 3A) . The Ret fl-CFP/ϩ reporter allele labels all enteric neurons and their precursors by CFP after Cre-loxP recombination, thus serving as the most sensitive reporter of SCP-derived enteric neurogenesis. We found that all submucosal neurons (PGP9.5 ϩ ) detected in Gfr␣1-deficient small intestine expressed CFP (Fig. 3B) . The data strongly suggest that neurons in ENCC-free gut are derived from SCPs.
SCP-derived neurons physiologically contribute to the ENS
The observation of Dhh::Cre-labeled neurons in Ret-and Gfr␣1-deficient mice prompted us to investigate whether SCPderived neurogenesis takes place in the presence of ENCCs. To address this issue, we first examined the normal distribution pattern of SCPs in the gut using mouse embryos harboring the Dhh::Cre driver and Gfr␣1 fl-GFP/ϩ reporter. GFP ϩ SCPs invaded the wall of the small intestine at approximately E14.5 (Fig. 4A) . All GFP GFP/ϩ mice (P0, n ϭ 3; E15.5, n ϭ 3). Dhh::Cre-mediated GFP labeling was detected in SCPs (Sox10 ϩ ) within the mesentery (bottom left, n ϭ 3 mice), whereas GFP signals were not detected in vagal NC-derived enteric neurons (PGP9.5 ϩ ) at E14.5 (bottom right, n ϭ 3). Scale bars, 50 m. cells expressed glial cell markers, including BLBP and Sox10, but not progenitor/neuronal markers, such as Phox2b and PGP9.5 ( Fig. 4B ; data not shown). These GFP ϩ cells migrated inward by E15.5 and finally settled in deep muscle and the submucosal layers (Fig. 4C,D) . SCPs were rarely detected in the myenteric ganglia of the small intestine (Fig. 4C,D) .
In the large intestine, SCPs were observed along the extrinsic nerve, but not in the gut mesenchyme, at E14.5 (Fig. 5A) . By E16.5, the first population of SCPs invaded the gut mesenchyme and expressed BLBP but not Phox2b (Fig. 5 B, C) . In contrast to the small intestine, SCPs finally populated both the myenteric and submucosal layers (Fig. 5 D, E) in the large intestine. By following the fate of SCPs in postnatal animals, we noted the emergence of PGP9.5 ϩ neurons in a small subset of GFP ϩ cells at 1 month of age (Figs. 4C, 5D, arrowheads) , suggesting that SCPderived neurogenesis takes place in the gut, which is normally populated by ENCCs.
To reveal the developmental sequence of Dhh::Cre-labeled neuronal precursors, we crossed a Dhh::Cre driver to a Ret fl-CFP/ϩ reporter line. Ret-expressing cells (CFP ϩ ) become readily discernible by P1 (Fig. 6 A, B) , suggesting that SCPs begin to acquire neuronal phenotype in the perinatal period. Although many of these cells (ϳ80%) did not express the neuronal marker PGP9.5 at birth, all of the CFP ϩ cells became PGP9.5 ϩ at P21, indicating that neuronal differentiation of Dhh::Cre-labeled cells occurs during the postnatal period. Notably, we did not detect Cre protein expression in any of these CFP ϩ cells during the process of neuronal differentiation, which excludes the possibility of ectopic Cre expression in neuronal cells by the Dhh promoter (Fig. 6C) . To further confirm neurogenic potential of SCPs and the absence of Dhh::Cre promoter activity in ENCCs, we immunopurified SCPs and ENCCs, respectively, from the mesentery and the gut of E16.5 Dhh::Cre/Gfr␣1 fl-GFP/ϩ embryos and grew those cells in culture. GFP-labeled SCPs initially expressed the glial markers Sox10 and BLBP (Fig. 7A ), but, after 5 d of plating, a subset of these SCPs began to express the neuronal markers TuJ1 and Phox2b (Figs. 7B-D) . The acquisition of neuronal identity appeared to be saturated by 10 d in culture (Fig. 7C) . In stark contrast, we detected no GFP expression in ENCC-derived neurons despite that neuronal density of ENCCs was much higher than that of SCPs (Fig. 7 E, F ) , indicating that Cre is not ectopically expressed in ENCC-derived enteric neurons by the Dhh promoter. Together, these data demonstrate that SCP-derived neurogenesis occurs both in vitro and in vivo.
To assess the contribution of SCPderived neurogenesis to the overall ENS structure, we examined the gut of young adult mice (ϳ1 month old) carrying the Dhh::Cre transgene and Ret fl-CFP/ϩ reporter allele. The analysis revealed a substantial contribution by SCP-derived neurons to the enteric ganglia. In the small intestine, SCP-derived neurons constituted up to 5% of the submucosal ganglion neurons, although their contribution to myenteric ganglia was barely detectable (Fig. 8A, left, B) . In contrast, in the large intestine, SCPderived neurons contributed to 20% of both the myenteric and submucosal neurons (Fig. 8A, right, B) . The vast majority of SCPderived neurons expressed calretinin, a marker for excitatory motor neurons, interneurons, and a subset of intrinsic primary afferent neurons (Sang and Young, 1998; Qu et al., 2008) , whereas a small proportion (Ͻ12%) of SCP-derived neurons expressed NOS, a marker for inhibitory motor neurons and interneurons (Lyster et al., 1995; Sang et al., 1997 ; Fig. 8C,D) . Somata of SCPderived neurons were heavily surrounded by presynaptic terminals, suggesting that these neurons were integrated into the ENCC-derived enteric ganglia (Fig. 8E) . Collectively, these results identify SCPs as a novel cellular source for the ENS and suggest the role of SCP-derived neurons in the formation of the autonomic ENS circuitry.
To examine the physiological requirement of SCP-derived neurons in the ENS integrity, we conditionally inactivated the Ret gene in a SCP-specific manner. RET signaling is required not only for the development of the ENS but also its postnatal maintenance Uesaka and Enomoto, 2010) (cKO) animals (Fig. 9A) . SCP-specific Ret inactivation resulted in a significant decrease in the number of enteric neurons in the terminal portion of the colon of 4-month-old mice (Fig. 9 B, C) , indicating that SCP-derived neurogenesis is required for the postnatal maintenance of structural integrity of the ENS.
Discussion
The ENS is the most complex division of the peripheral nervous system. The human ENS contains several hundred million neurons, whereas the mouse ENS has more than 1 million (Gianino et al., 2003) . These are generated by a robust neurogenesis process that persists from midgestation to the postnatal period. Our genetic tracing experiment has revealed, for the first time to our knowledge, that SCPs adopt a neuronal fate in the postnatal period and contribute to the ENS. In the colon, up to 20% of myenteric and submucosal neurons are of SCP origin. Therefore, SCP-derived neurogenesis underlies a significant portion of postnatal neurogenesis in the ENS. This study also revises the conventional view that enteric neurons are derived solely from ENCCs.
SCP-derived neurogenesis is most substantial in the colon; ϳ20% of colonic neurons are derived from SCPs that migrate along the pelvic nerve. This relatively large contribution by SCPs raises a question as to whether SCPs represent a cell population distinct from the sacral ENCCs. A previous study, along with our finding, shows that early migrating sacral NC-derived ENCCs express Phox2b and Ret at E13-E14.5 (Anderson et al., 2006) . In contrast, SCPs express neither RET nor Phox2b at the time of gut invasion (E14.5). Thus, sacral ENCCs and SCPs appear to be two distinct cell populations at least at the initial phase of their migration. Recent studies show that the sacral neural crest cells invade the gut via nerve fibers (Wang et al., 2011) . Although the exact cellular identity of those cells are unknown, a part of them can be SCPs. Collectively, contribution of the sacral neural crest cells to the ENS may be divided into that of sacral ENCCs and of SCPs, and, given the robust neuronal differentiation of SCPs, SCP-derived neurogenesis may represent a principal sacral contribution to the caudal ENS. However, we must note that SCP-derived neurogenesis is also substantial at the cecum (data not shown), which suggests that SCPs invading the gut associated with nerves other than the pelvic nerve also retains high neurogenic potential. The degrees of neurogenic potential in SCPs associating with distinct extrinsic nerves remain to be elucidated.
SCP-derived neurogenesis is required physiologically in development of the ENS because SCP-specific Ret ablation led to oligoganglionosis of the terminal portion of the colon. These results demonstrate that extrinsic innervation is essential for the structural integrity of the enteric ganglia. They also suggest that gene mutations affecting Schwann cell, not neuronal, lineage cells may contribute to Hirschsprung disease-related ENS disorders. The exact reason that the oligoganglionic region is restricted only to the terminal colon is currently unknown. However, a previous study in which RET signaling was inactivated at distinct developmental time periods showed that, after midgestation, RET disruption causes abnormal cell death in the colon but not in the small intestine. Moreover, reduction in RET expression leads to intestinal aganglionosis only in the terminal portion of the colon . These data suggest that neurons located in more caudal regions of the ENS requires higher levels of RET signaling for their proper development. This caudal-high gradient in RET requirement may also explain our observation that SCP-derived neurons were found in the small intestine but not in the colon of RET-deficient newborn mice.
Classic heterotopic and heterochronic transplantation between chick and quail (Ayer-Le Lievre and Le Douarin, 1982) revealed that satellite glia in immature developing ganglia can be neurogenic when challenged and placed in an ectopic (but favorable) environment. Recent developmental studies in mice demonstrated that cranial nerve-associated bipotent (neuron/glia) progenitors of the parasympathetic ganglia express SCP markers (Dyachuk et al., 2014 ; Espinosa-Medina et al., 2014), seeming to support the idea of neuronal differentiation by peripheral glial cells. However, all of these cranial nerve-associated bipotent cells initially express both Phox2b and Sox10, a hallmark of nascent autonomic ganglion progenitors (Kim et al., 2003; Young et al., 2003) , and thus are defined as uncommitted neural progenitors, not as cells committed to Schwann cell lineage (Jessen and Mirsky, 2005) . Therefore, it has remained unanswered whether cells committed to Schwann cell lineage can differentiate into neurons. In this study, we focused on SCPs associated with extrinsic nerves projecting the gut. These SCPs, similar to those found in most regions of the body, express Sox10, but not Phox2b. Our data provide compelling evidence that committed SCPs do retain neurogenic potential for a long term and differentiate into neurons even in the postnatal period. Importantly, during SCPderived neurogenesis, we never detected the emergence of 
Sox10
ϩ /Phox2b ϩ bipotent autonomic ganglion progenitors, suggesting that neuronal differentiation of SCPs does not involve a bipotent progenitor state.
Previous reports have shown that SCPs give rise to melanocytes and myofibroblasts in vivo (Joseph et al., 2004; Adameyko et al., 2009) , Together with those data, our study reveals the multipotent nature of SCPs and suggests that SCPs are the elusive stem cells that have been reported in various peripheral tissues (Dupin and Sommer, 2012) . Although it is unclear whether terminally differentiated Schwann cells retain neurogenic potential, recent works have implicated the possibility that adult Schwann cells are capable of generating neurons in response to environmental changes. In adult ENS, glial cells are recruited to generate neurons in response to neuronal injury and loss (Joseph et al., 2011; Laranjeira et al., 2011) . Although definitive identification of this neurogenic glial cell population will require additional study, our findings suggest Schwann cells to be the most likely candidate. Stimulation of 5-hydroxytryptamine receptor 4 (5-HT 4 ) receptor has been shown to promote enteric neurogenesis in adult mice (Liu et al., 2009) . Interestingly, ENS precursor-like cells that display 5-HT 4 -induced BrdU incorporation are detected outside of the ganglionic layers and then slowly migrate into ganglia. Although expression of the 5-HT 4 receptor in Schwann cell lineage remains unclear, it will be worth investigating the involvement of Schwann cell lineage in 5-HT-mediated adult neurogenesis.
Schwann cells are among the most widely distributed types of NC-derived cells, and the physiological significance of their latent multipotency needs to be more thoroughly investigated. It is currently unknown whether SCPs have neurogenic potential in organs other than the ENS. Moreover, dysregulation of multipotency in SCPs or Schwann cells may lead to various neoplasms, such as neuroblastoma, melanoma, lipoma, and primitive neuroectodermal tumor (Takahashi et al., 2013) . Our identification of SCPs as a tissue stem cell revises our understanding of the development and disorders of NC-derived organs. The Ret locus of the control and cKO animals harbors wild-type and null (orange cross) alleles, respectively, in addition to the Ret fl -CFP reporter allele. B, Representative images of whole-mount PGP9.5 staining of the distal colon of control and cKO mice aged 4 months. C, Quantification of enteric neurons in the terminal colon of control and cKO mice at 4 months. Significant differences detected by t test with Welch's correction (n ϭ 3 mice from 3 litters; error bars represent SEM; F (2,2) ϭ 1.263, *p ϭ 0.0204). Scale bars, 50 m.
